Nucleosomes assembled on regulatory DNA sites in chromatin repress gene expression; protein factors have now been identified that can help overcome such repression by excluding or remodelling nucleosomes so regulatory sites are accessible to transcription factors.
In a eukaryotic cell, genomic DNA does not exist in a free state, but is intricately complexed with chromosomal proteins, particularly histones. The basic chromatin fibre consists of an array of nucleosomes, each packaging around 200 base pairs (bp) of DNA; 146 bp is wound around a core of eight histone molecules (two each of H2A, H2B, H3 and H4), with the remaining DNA forming a linker to the next core. A fifth type of histone, H1, interacts with the DNA outside of the core particle, and may be critically involved in higher-order folding. Nucleosomal packaging is no doubt necessary to fit the DNA within the nucleus, but it also renders gene promoters inaccessible to the transcription apparatus. While a general repression of transcription may have been required for the evolution of multi-cellular organisms, with their patterns of tissuespecific gene expression [1] , it introduces new problems for gene activation. How are the housekeeping genes to be expressed? How can genes required generally, but conditionally, like the heat-shock genes, be activated? And how can genes be activated in a tissue-specific manner? It would seem that a mechanism is needed either to prevent nucleosome assembly at specific regulatory sites, or to displace or 'neutralize' the nucleosomes at these sites as part of the gene activation process.
Nucleosome packaging has been shown to interfere with both transcription initiation and elongation (reviewed in [2] ). The first of these two problems appears to be the dominant one: nucleosomes not only block access for the transcription complex to the promoter region, but also obscure sites for regulatory proteins. An early clue to the resolution of the problem was the observation of DNase I hypersensitive sites in chromatin, short regions that are relatively accessible to a variety of DNA cleavage reagents. These discontinuities in the nucleosome array, usually 100-400 bp in length, occur at the promoters and enhancers of genes that are active, or activatable, in the tissue under study (see [3] for review).
In an operational sense, two types of hypersensitive site have been observed at promoters: preset and remodelling (Fig. 1) . Preset hypersensitive sites are present before the activation signal is received; cell-type specific patterns of preset hypersensitive sites are generated during development. The nucleosome arrays of remodelling hypersensitive sites, in contrast, change as part of the activation process. Such events have been reported in the metabolite-signalled activation of genes such as SUC2 and PHO5 in yeast, and in the glucocorticoid activation of the mouse mammary tumor virus (MMTV) promoter (reviewed in [4] ). Progress has been made during the last few years in identifying the DNA sequence elements needed for hypersensitive-site formation. For example, (CT) n -rich elements are required for effective hypersensitive-site formation at the promoters of Drosophila heat-shock genes; these sites appear to function by binding 'GAGA factor', an abundant, site-specific DNA-binding protein (reviewed in [5] ).
Chromatin assembly during DNA replication
The need to limit nucleosome occupancy of regulatory sites demands mechanisms both to generate specific nucleosome patterns and to change preset patterns. During replication, both the DNA itself and its pattern of nucleosome packaging must be duplicated. Chromatin structure is transiently disrupted during replication to allow for DNA strand separation and new strand synthesis. The two daughter helices are rapidly re-packaged into nucleosomes, recycling histones from old nucleosomes as well as employing newly synthesized histones (reviewed in [6] ). The latter process is efficiently mediated by assembly factors (Table 1 ). Chromatin assembly factor 1 (CAF-1) is a multi-protein complex purified from human cells that directs the first step of nucleosome assemblydeposition of newly synthesized, acetylated core histones H3 and H4 onto replicated DNA [6] . CAF-1 probably functions in physical association with the replication fork. In a later step, possibly mediated by nucleosome assembly protein 1 (NAP-1), H2A and H2B are added; later still, linker histones are deposited (reviewed in [7] ).
An alternative system that does not require DNA replication has been identified in the eggs of the frog Xenopus laevis, where chromatin assembly can be mediated by acidic chaperone proteins (see Table 1 ). The chaperones are proteins complexed with the maternally synthesized histone pools in the egg; they deliver the histones for nucleosome assembly onto newly synthesized DNA in the early embryo [7] . In Xenopus, protein N1 is bound to histones H3 and H4 and directs the first step of nucleosome assembly -the formation of a precursor particle consisting of an (H3-H4) 2 tetramer on double-stranded DNA. Nucleoplasmin is bound to histones H2A and H2B, and directs the completion of the nucleosome core by adding H2A-H2B dimers to the precursor particle. However, this pathway is slower than the rate of chromatin assembly on replicating DNA in vivo, suggesting that that the replication-dependent system also contributes to chromatin assembly in early embryos.
Observations on synchronized systems indicate that several minutes are required after histone deposition and nucleosome-core formation to achieve the final chromatin fiber, with differential packaging of active and inactive domains [7] . Recent work has led to the isolation and characterization of several activities that could be involved in the final steps that organize nucleosome arrays and hypersensitive sites following assembly; these activities could also play a role in interphase events to remodel a preexisting nucleosome array.
Nucleosome remodelling factor
Nucleosome remodelling factor (NURF) activity was first observed in a cell-free Drosophila embryo extract [8] capable of supporting DNA replication and also the assembly of long arrays of regularly spaced nucleosomes [9] . The nucleosome array can be disrupted specifically at the hsp70 promoter in the presence of GAGA factor by an ATP-dependent activity. This disruption is characterized by DNase I hypersensitivity and a redistribution of neighbouring nucleosomes. Disruption can occur either during or after the assembly reaction. NURF has now been separated from the general assembly components, and has been purified to a group of at least four polypeptides of 215, 140, 55 and 38 kDa, sedimenting as a complex of 500 kDa (Table 1) . Introduction of increasing amounts of NURF in the presence of a fixed amount of GAGA factor leads to a higher proportion of disrupted nucleosomes at the hsp70 promoter; in the absence of GAGA factor, stoichiometric levels of NURF lead to a general smearing of the nucleosome pattern [8] .
GAGA factor clearly contributes to the specificity of NURF effects in this system, but as yet we do not know whether these factors interact directly. While GAGA factor binds to just the 5′ regulatory region of inactive (but preset) heat-shock genes, it is found along the entire gene during transcription, its distribution mimicking that of RNA polymerase [10] . This suggests that GAGA factor may not only be critical in obtaining a specific chromatin alteration at the hsp70 promoter using NURF activity, but may also act in some way to facilitate a downstream nucleosome disruption that could aid transcriptional elongation.
Does NURF simply shift nucleosomes away from the GAGA factor binding sites, or does it alter nucleosomes associated with that DNA? The nature of hypersensitive sites in vivo has been a very difficult question to resolve. Hypersensitive sites appear to be fully accessible to a variety of nucleases, and in some instances such regions have been recovered as histone-free DNA fragments, suggesting an absence of nucleosomes (reviewed in [3] ). In protein-DNA crosslinking studies of the MMTV hypersensitive site, however, no change was found in the amount of core histone H2B, but a depletion in H1 was observed, suggesting that the nucleosome had not been completely disassembled [11] .
In vitro studies have shown the existence of tripartite complexes of core histones, specific binding factors and DNA [12] . NURF can alter the histone-DNA interactions in a mononucleosome (161 bp of DNA), introducing a new sensitivity to DNase I while providing protection at specific positions within the core-associated DNA. If GAGA factor is present, further changes are seen, including a clear footprint at the GAGA factor site. However, even the joint action of NURF and GAGA factor did not disrupt the structure of the mononucleosome completely in an in vitro study [8] , a finding reminiscent of the results obtained with the yeast SWI/SNF system (see below). It remains to be determined whether the change in nucleosome structure reflects a partial loss of histones (most likely H2A and H2B), histone modification and/or an allosteric shift accomplished by some other means.
There is evidence for other protein complexes in Drosophila embryos that could also be involved in modulating access to DNA in chromatin [13] [14] [15] . Global accessibility of chromatin DNA to endonucleases is promoted by a second activity recently purified from this source, chromatin accessibility complex (CHRAC, [15, 16] .
Remodelling during activation
NURF could also be involved in the remodelling of preexisting chromatin structure to create new hypersensitive sites. In such a hypothetical reaction, NURF would need to be recruited de novo to the site by a newly arrived signal molecule. A protein machine involved in such remodelling to create new hypersensitive sites is the SWI/SNF complex (Table 1) , which is best characterized in yeast (reviewed in [17] ). This complex, which has a molecular weight of ~2 MDa and is made up of ten or more polypeptides, is not required for basal transcription; however, it is critical for the activation of several types of yeast gene, including those involved in changing the mating type of haploid yeast, those activated in response to a change in available nutrients, and so on.
Genetic studies have established the connection between the function of the SWI/SNF complex and chromatin structure, showing that mutations in several chromatin components alleviate the defects in transcription caused by swi or snf mutations. ATP-dependent transcriptional activation has been shown to involve a remodelling of the chromatin structure at the promoter to create hypersensitive sites [18] . Extensive in vitro studies have shown that the SWI/SNF complex can facilitate the binding of specific factors to their appropriate sites on a mononucleosome, again without complete dissociation of the histone core. Both genetic and biochemical studies suggest that SWI/SNF might promote dissociation of one or both H2A-H2B dimers [18, 19] . The SWI/SNF system is highly conserved; a human homologue of the SWI/SNF complex has been identified and partially purified [20] . Most of the SWI/SNF complex in yeast cells has been found to be incorporated into the RNA polymerase II holoenzyme, associated with the carboxy-terminal domain [21] ; thus this complex could serve as a general co-factor in facilitating the initiation of polymerase II transcription on chromatin templates.
It is therefore intriguing that the 140 kDa subunit of NURF is ISWI, a member of the SWI2/SNF2 family of ATPases [22] . However, despite this use of a related component, there are significant differences between the two systems (Table 1) , notably the difference in size and polypeptide composition of the isolated active complexes. Furthermore, the Drosophila SWI2 homolog, product of the brahma gene, can be biochemically separated from NURF; the two complexes appear distinctly different, although the 140 kDa NURF subunit and SWI2 are structurally related in their ATPase domains. In fact, a second protein in yeast, YB95, shows greater similarity to Drosophila ISWI, suggesting that yeast may also have a NURF-like activity [22] . SWI/SNF is not abundant in yeast; it is estimated that there are only 100 'free' copies per nucleus, over and above the 2 000 -4 000 that are complexed with RNA polymerase II holoenzyme. This suggests that SWI/SNF must be restricted to a small number of initiation complexes, implying that this type of active remodelling during interphase is used for relatively few genes in yeast. NURF is much more abundant; the ISWI component is expressed throughout Drosophila development at levels as high as 100 000 molecules per cell, suggesting its availability for a more general role [22] . Interestingly, the ATPase activity of SWI/SNF is stimulated by free DNA, while that of NURF is stimulated by nucleosomes, and not by free DNA or histone cores. It is not clear in either case whether the interaction between remodelling factor and nucleosome is transient or stable; further steps might be necessary to achieve a stable hypersensitive site and active chromatin configuration [23] .
In vitro studies have indicated that nucleosome disruption can also occur by an apparent reversal of the assembly process. Both assembly factors nucleoplasmin and NAP-1 stimulate the binding of transcription factors to their recognition sites incorporated into a mononucleosome in vitro [24, 25] . The binding requires the disassembly of the histone octamer and the transfer of histone proteins onto the chaperone. This reaction is not dependent on DNA replication [25] . However, chromatin assembly factors mediating the first step in nucleosome assembly (CAF-1 and N1) have so far not been shown to be involved in disassembly (Table 1) . It has been suggested (see above) that removal of one H2A-H2B dimer may be sufficient to generate a modified nucleosome which might be observed as a hypersensitive site.
Conclusions and perspectives
The recent observations summarized above indicate the existence of several different protein machines that either preclude nucleosomes or neutralize their inhibitory properties at regulatory DNA sequences. The mechanisms involved seem to reflect the different demands for the establishment of preset or remodelled hypersensitive sites -to refine nucleosome positioning following assembly of bulk chromatin during DNA replication or to establish hypersensitive sites de novo on pre-existing chromatin substrates to change the pattern of genes available for transcription in a given cell type. Whether these protein machines maintain separate roles or work synergistically in vivo remains to be established.
We need to know more about how these activities are targeted to the desired sites, as of course the bulk of the nucleosome array is stable in vivo. It will be critical to determine when nucleosomes are present in modified form, and when they are excluded. Multiple steps may be required to achieve a stable switch in chromatin structure in vivo; the protein machines discussed here may mediate only the first steps in the process. There are some hints that the same protein complexes that help provide access to regulatory sites within the nucleosome array may also be involved in minimizing the barrier nucleosomes provide to transcriptional elongation. It appears that these molecular machines are key to coping with the nucleosomal system of DNA packaging found in eukaryotes.
